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The now finished genome sequence of Bacillus licheniformis DSM 13 allows the 
prediction of the genes involved in protein secretion into the extracellular environment 
as well as the prediction of the proteins which are translocated. From the sequence 296 
proteins were predicted to contain an N-terminal signal peptide directing most of them 
to the Sec system, the main transport system in Gram-positive bacteria. Using 2-DE the 
extracellular proteome of B. licheniformis grown in different media was studied. From 
the approximately 200 spots visible on the gels, 89 were identified that either contain an 
N-terminal signal sequence or are known to be secreted by other mechanisms than the 
Sec pathway. The extracellular proteome of B. licheniformis includes proteins from 
different functional classes, like enzymes for the degradation of various macromolecules, 
proteins involved in cell wall turnover, flagellum- and phage-related proteins and some 
proteins of yet unknown function. Protein secretion is highest during stationary growth 
phase. Furthermore, cells grown in complex medium secrete considerably higher protein 
amounts than cells grown in minimal medium. Limitation of phosphate, carbon and 
nitrogen sources results in the secretion of specific proteins that may be involved in 
counteracting the starvation. 
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Export of proteins from the cytoplasm to the extracellular environment is a common 
phenomenon for all kinds of cells, including bacteria. Exported bacterial proteins can fulfil 
different functions, either in the cell wall, like proteins involved in cell wall synthesis and 
turnover and in folding and quality control of exported proteins, or in the surrounding 
environment, like proteins involved in the usage of nutrient sources, in the communication 
between cells, proteins with antimicrobial activity and virulence factors (Antelmann et al., 
2001; Gohar et al., 2002; Nouwens et al., 2003; Ziebandt et al., 2004). The entirety of the 
secreted proteins and the components of the secretory protein machinery have been defined as 
the secretome (Tjalsma et al., 2004). 
To direct proteins to the transport machineries located in the cytoplasmic membrane, they are 
usually synthesised as precursors with an N-terminal signal peptide. These signal peptides are 
recognised by targeting factors in the cytoplasm which target the proteins to the transport 
machinery in the membrane. The protein is then transported through the membrane via this 
translocation machinery in an energy dependent manner. Finally, the signal peptide is cleaved 
by specific signal peptidases. Bacteria have developed different pathways to secrete proteins. 
The most important one is the general secretory or Sec pathway. The twin-arginine 
translocation pathway (Tat), ABC transporters and the pseudopilin pathway are secretion 
pathways for special purposes and have been found to transport only few proteins in Bacillus 
subtilis (Tjalsma et al., 2004; Jongbloed et al., 2002; Jongbloed et al., 2004). 
The highest level of protein secretion in B. subtilis was observed when cells were grown in a 
complex medium (Antelmann et al., 2001). Cells grown in minimal medium (MM) secrete 
considerable lower amounts of protein (Hirose et al., 2000). Most extracellular proteins have 
been found after entry into the stationary growth phase. 
B. licheniformis is known to secrete a number of different proteins into the extracellular 
medium and this ability has been used in the fermentation industry for a long time, especially 
for the production of industrial enzymes. The availability of the genome sequence of B. 
licheniformis allows the prediction of the composition of its secretome. For example, all 
genes for the Sec machinery have been found in the B. licheniformis sequence (Veith et al., 
2004; Veith et al., 2004). In addition, there are also two tatA genes (i.e., tatAd and tatAy) and 
two tatC genes (i.e., tatCd and tatCy), which encode subunits of the Tat secretion machinery. 
The nature of many of the extracellular enzymes which have been deduced from the sequence 
of B. licheniformis suggests that they have functions in utilisation of alternative nutrient 
sources that might be present in the environment. There are numerous hydrolases for the 
degradation of various high molecular weight carbohydrates (e.g., α-amylase, cellulase, 
chitinase) as well as several extracellular proteases and other degradative enzymes (Veith et 
al., 2004; Rey et al., 2004). Despite of its biotechnological significance there has been no 
investigation of the protein secretion process in B. licheniformis at a proteome-wide scale so 
far. The recently finished genome sequence of B. licheniformis DSM 13 opened the chance to 
establish proteomics of this organism. The cytoplasmic proteome and the regulation of central 
carbon metabolic pathways were in the focus of our first study (Voigt et al., 2004). In the 
study presented here, we analysed the secretion of proteins of B. licheniformis cells grown in 





Materials and methods 
Strains and growth conditions 
B. licheniformis DSM 13 (equivalent to ATCC 14580, type strain from the German Collection of 
Microorganisms and Cell Cultures, DSMZ GmbH Braunschweig, Germany) was cultivated at 37ºC 
under vigorous agitation either in a complex medium (Luria Broth, LB) or in MM containing 15mM 
(NH4)2SO4, 8mM MgSO4 x 7 H2O, 27mM KCl, 7mM sodium citrate (2 H2O), 50mM Tris-HCl pH 7.5, 
supplemented with 0.6mM KH2PO4, 2mM CaCl2 (2 H2O), 1 mM FeSO4 x 7 H2O, 10 mM MnSO4 x 4 
H2O and 0.2% glucose. For the starvation experiments, the concentrations of glucose, phosphate and 
nitrogen were reduced to 0.08%, 0.15mM and 1.0mM, respectively. The concentration of the limiting 
nutrient was adjusted in such a way that the cultures grew to a maximum OD of about 1.0 (growth 
curve in LB and MM see Voigt et al. (Voigt et al., 2004)). 
 
Preparation of the extracellular protein fraction 
Bacteria were harvested during exponential growth (OD500 0.4 in MM, OD540 2.0 in LB), at the onset of 
the stationary growth phase (OD500 1.0 in MM, OD540 4.0 in LB) and during the stationary phase (MM 
1 h after transition into the stationary phase, OD540 6.0 in LB). PMSF (3mM) was added when the 
cultures were harvested to prevent proteolysis during sample preparation. The cells were removed by 
centrifugation at 4ºC (8000 rpm, 10 min). TCA was then added to the medium to a final concentration 
of 10%. The extracellular proteins were precipitated at 47C overnight and collected by centrifugation 
(4ºC, 10 000 rpm, 60 min). The protein pellet was washed eight times with 96% ethanol, dried and 
dissolved in a solution containing 8 M urea and 2 M thiourea. The protein concentration of the extract 
was determined with the RotiNanoquant Kit (Roth). 
 
2-DE 
For the IEF protein extracts (500 mg protein) were loaded onto commercially available IPG strips (pH 
3–10 NL, Amersham Biosciences) according to Büttner et al. (Büttner et al., 2001). In the second 
dimension, polyacrylamide gels of 12.5% acrylamide and 2.6% bisacrylamide were used. The resulting 
2-D gels were stained with colloidal CBB as described by Voigt et al. (Voigt et al., 2004). 
 
Protein identification 
Proteins were identified by MS. Protein spots were excised from stained gels with the Proteome 
Works™ Spot Cutter System (Bio-Rad). In-gel digestion with trypsin and the extraction of the peptides 
were done in the Ettan Spot HandlingWorkstation (Amersham Biosciences) according to a modified 
protocol of the manufacturer. Peptide masses were determined in the Proteomics Analyser 4700 
(Applied Biosystems). The 4700 Explorer™ Software V2.0 was used for spectrum calibration and 
analysis. After calibration, peak lists within a mass range of 900–3700 Da were created using the ’peak 
to mascot’ script of the 4700 Explorer™ Software. For the peak search, filters were set to a peak 
density of 20 peaks per 200 Da, a minimal peak area of 350 and maximal 60 peaks per spot. Peak lists 
were created with a signal to noise (S/N) ratio of 10 to 15. When necessary, TOF-TOF measurements 
for the three highest peaks in a spectrum were carried out. The internal calibration was automatically 
performed as one-point-calibration either with the mono- isotopic arginine (M+H)+ peak, m/z at 
175.119, or with the lysine (M+H)+ peak, m/z at 147.107, when the peaks reached at least an S/N ratio 
of 5. Peak lists were created as described above with the following settings: a mass range from 60 to 
precursor ion mass minus 20 Da, a peak density of five peaks per 200 Da, a minimal peak area of 100 
and maximal 20 peaks per precursor. Peak lists were created with an S/N ratio of 5. For database search 
the Mascot search engine (Matrix Science Ltd, London, UK) with a specific B. licheniformis sequence 
database was used. If this search did not result in the identification of the protein, PMF were reanalysed 
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Signal peptide prediction 
For prediction of signal peptides the SignalP 2.0 software (http://www.cbs.dtu.dk/services/SignalP-
2.0/) (Nielsen et al., 1997) and the LipoP 1.0 software (http://www.cbs.dtu.dk/services/LipoP/) 
(Juncker et al., 2003) were used with the settings for Gram-positive organisms. Signal peptides were 
predicted by a Hidden Markov Model as well as by a neural networks method. Only proteins 
recognized by both methods to contain a signal peptide are classified as such. Proteins that are 
predicted to contain one or more membrane spanning domains in addition to an N-terminal signal 
peptide were excluded from the list (note that proteins with one membrane spanning domain in the N-
terminal part of the protein might be wrongly identified as containing a signal peptide). 
Transmembrane helices were identified by the TMHMM v2.0 program (http://www.cbs.dtu.dk/ 
services/TMHMM/). This program predicts transmembrane segments in proteins, using a Hidden 
Markov Model (Krogh et al., 2001). 
 
Denomination of the proteins 
Proteins with similarity to a B. subtilis protein were named accordingly. Proteins with no homolog in B. 
subtilis received the gene ID of the sequencing project. 
 
Dual channel imaging, quantification and colour coding 
The 2-D gel images were analyzed using the DECODON Delta2D software (Decodon GmbH 
Greifswald). Artificial coloring and warping of the gel images were done as described by Bernhardt et 
al. (Bernhardt et al., 1999). Spot quantities were also determined by the Delta2D software. The 
numbers given represent the relative portion (% volume) of an individual spot of the total protein 
present on the gel. For comparison of the protein patterns during the different starvation conditions the 
“union fusion” approach of Delta2D for the generation of a proteome map was applied. For this 
purpose the gel images of the phosphate, glucose and nitrogen starvation were warped to the gel image 
of the control (exponential growth phase) and a fusion gel (union fusion) was created by combining the 
images. The spots were color coded according to their expression profile. Only spots induced more 
than 2.5-fold by the starvation conditions compared to the exponential phase were considered. Each 
spot subset, i.e., all spots induced in response to one starvation condition or a certain combination of 
starvation conditions, received a defined colour. 
 
Results and discussion 
Prediction of signal peptides 
The recently finished genome sequence of B. licheniformis allows the prediction of all 
proteins containing signals for secretion through one of the so-far-known protein secretion 
systems. From the B. licheniformis genome data there are 296 proteins predicted to have an 
N-terminal signal peptide for export from the cytoplasm. Most of these signal peptides would 
direct proteins to the Sec secretion machinery, but 19 have a twin-arginine motif (4 RR, 15 
KR) that may direct the corresponding precursor proteins into the Tat pathway, and 4 have the 
potential to direct proteins into a pseudopilin export pathway (Supplemental table Va; 
proteins with one or more membrane spanning domains in addition to the signal peptide were 
excluded). Of the 296 identified signal peptides, 220 have recognition sites for cleavage by a 
type I signal peptidase (e.g., SipS, SipT or SipV), 72 have recognition sites for cleavage by a 
lipoprotein-specific signal peptidase II (LspA), and 4 have recognition sites for a pseudopilin 






The extracellular proteome of B. licheniformis and the comparison of the predicted to 
the real secretome 
The highest level of protein secretion in B. licheniformis was observed in the stationary 
growth phase (Figs. 1, 2). Many of the degradative extracellular enzymes were secreted at low 
levels during the exponential growth phase and were induced in the stationary phase. The 
induction of such enzymes in B. subtilis in the stationary growth phase is dependent on the 
DegSU two component system (Msadek et al., 1995; Ogura et al., 2001). As in B. subtilis, 
cells of B. licheniformis secrete much higher levels of protein when grown in a complex 
medium compared to cells grown in minimal medium (this is not apparent from our gels, 




Figure 1. Dual channel images of the extracellular proteome of B. licheniformis. Cells were grown in LB and 
the images were created with the Delta 2D software (Decodon GmbH Greifswald). Proteins were prepared during 
exponential growth (OD 2), in the transition phase (OD 4) and in the stationary growth phase (OD 6). Proteins 
were separated in a pH gradient 3–10 and stained with colloidal CBB. Spots labeled in italics are presumably 
intracellular proteins; fr: fragment. 
 
From about 200 protein spots visible on the gels, altogether 143 proteins could be identified 
(Supplemental tables Vb and Vc). Some of the proteins, e.g., Vpr and YfnI, occur as multiple 
spots. Only 89 of the identified proteins were expected to be secreted because they either have 
a predicted N-terminal signal peptide sequence (79 proteins) or are known to be secreted by 
Sec independent pathways (10 proteins, Supplemental table Vb). These extracellular proteins 
of B. licheniformis include carbohydrate degrading enzymes, several proteases and 
peptidases, enzymes involved in nucleic acid degradation, phosphodiesterases and 
phosphatases, enzymes involved in cell wall turnover, transport related proteins, flagellum- 
and phage-related proteins, proteins involved in sporulation and membrane bioenergetics and 
some proteins of yet unknown function.  
Of the 79 identified proteins containing an N-terminal signal peptide, 18 are involved in 
transport processes, among them several ABC transporter binding proteins. These proteins 
would be expected to be lipid-anchored in the membrane. It is most likely that they are 
released from the membrane by “proteolytic shaving” (Antelmann et al., 2001). 
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Figure 2. The extracellular proteome of B. licheniformis. Cells were grown in minimal medium under different 
starvation conditions. (A) Exponential growth. (B) Stationary phase phosphate starvation. (C) Stationary phase 
glucose starvation. (D) Stationary phase nitrogen starvation. Proteins were separated in a pH gradient 3–10 and 
stained with colloidal CBB. The graphs show the quantification of the ten most prominent spots in the gels given as 
% volume (representing the relative portion of an individual spot of the total protein present on the gel). 
Quantification was done with the Delta 2D software. Spots labelled in italics are presumably intracellular 




There were also some cell wall-related proteins present in the extracellular medium. These 
cell wall proteins were present to a higher extent in the extracellular proteome of 
exponentially growing B. licheniformis cells (e.g., YvcE, YwtD; Supplemental table Vb). The 
same was described for B. subtilis (Antelmann et al., 2002). In B. subtilis such proteins are 
retained in the cell wall because they contain specific wall-binding domains additionally to 
the signal peptide (Tjalsma et al., 2000). They are probably released into the medium by the 
action of extracellular proteases as was shown by Antelmann et al. (Antelmann et al., 2002), 
since in multiple protease-deficient strains the cell wall proteins were stabilised. 
In the signal peptides of four secreted proteins found in this study, a potential twin-arginine 
signal peptide was identified (containing the canonical twin-arginine motif R-R-XH- H, 
where H is a hydrophobic amino acid, Supplemental table Vb) (Tjalsma et al., 2000; 
Jongbloed et al., 2000). One of these proteins is PhoD, one of the two proteins which have 
been actually shown to be translocated Tat dependently in B. subtilis (Jongbloed et al., 2000). 
Additional 15 proteins were predicted from the sequence to contain a K-R-X-H-H motif that 
may be functional in directing proteins to the Tat machinery (Tjalsma et al., 2004). 
The ten proteins known to be secreted by other pathways included seven flagellum-related 
proteins and three phage-related proteins, which typically lack signal peptides. The flagellum 
proteins are probably transported via a specific flagellum pathway. Hirose et al. (Hirose et al., 
2000) found that Hag is not transported via the Sec pathway, because SecA depletion in a 
mutant strain did not affect Hag secretion. This was confirmed by studies of Jongbloed et al. 
(Jongbloed et al., 2002), who inhibited SecA activity by sodium azide and found that the 
secretion of the flagellum related proteins FliD and Hag was not affected. The proteins with 
phage-related functions may be secreted via prophage-encoded holins that can form 
membrane pores (Krogh et al., 1998). 
In addition, 55 proteins were identified in the extracellular proteome of B. licheniformis, 
which were not expected to be secreted because they have no predicted signal for secretion 
through one of the known systems, and which, taking into account their function, in most 
cases would be expected to have a cytoplasmic localisation (Supplemental table Vc). The 
secretion of proteins without known export signals has been also described in other studies of 
the extracellular proteome (Antelmann et al., 2001; Hirose et al., 2000). It is not yet known 
whether these proteins are secreted via an unknown secretion mechanism, but more likely 
they have been released into the medium by cell lysis. Remarkably, the two type I signal 
peptidases SipS and SipT, which are membrane proteins with an N-terminal membrane 
anchor, could both be detected in the extracellular proteome of B. licheniformis cells grown in 
LB medium (Figure 1). The molecular mechanism underlying this unprecedented observation 
is presently not clear. 
 
Proteins secreted under all starvation conditions 
In response to phosphate, carbon and nitrogen starvation B. licheniformis cells secreted 
different proteins into the extracellular medium. There were, however, also proteins that were 
secreted regardless of the growth conditions. Among these proteins was flagellin (Hag), 
which formed a prominent spot under all conditions tested. Furthermore, most of the 
proteases were secreted in response to all conditions, although not to the same level. The main 
protease secreted by B. licheniformis was Vpr. In B. subtilis the majority of the extracellular 
proteases are induced in the stationary growth phase (Antelmann et al., 2001). This induction 
is mainly dependent on the two component system DegSU and the regulator Hpr (Mäder et 
al., 2002; Antelmann et al., 2004). 
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Surprisingly the main protein induced by phosphate starvation in B. licheniformis was the 
phytase (13.9% relative volume, Figure 2b, Tab. 1). The phytase hydrolyses phytate, the salt 
of phytic acid (myo-inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate) (Tye et al., 2002). 
Phytate is the major storage form of phosphorus in plants and therefore present in soil, where 
it accounts for up to 50% of the organic phosphorus. B. licheniformis is able to grow on 
phytate as a sole phosphate source, and in this case phytase is already secreted during 
exponential growth (data not shown). In B. subtilis the phytase is expressed at a low level and 
the protein was not found in the extracellular proteome of phosphate-starving cells 
(Antelmann et al., 2004; Antelmann et al., 2000). 
Phosphate starvation also led to the specific secretion of the phosphatases PhoB (there is no 
homolog of the phoA gene encoded in the B. licheniformis genome) and PhoD. Secretion of 
phosphatases was also noticed in B. subtilis cells subjected to phosphate starvation, where 
they are among the main extracellular proteins. In B. licheniformis, however, these 
phosphatases belonged to the minor proteins secreted in response to phosphate starvation. In 
phosphate-starved B. licheniformis cells, YhdW, a protein that shows similarity to GlpQ, a 
glycerophosphodiester phosphodiesterase, was secreted to a high amount (GlpQ itself was 
only found in the proteome of cells grown in LB). Furthermore, there was a strong secretion 
of some proteins involved in the metabolism of nucleic acids (YfkN, YhcR, NucB and 
BLi03719). Induction of nucleic acid degrading enzymes during phosphate starvation has also 
been described for Corynebacterium glutamicum (Ishige et al., 2003). To be able to 
effectively take up the limiting amount of phosphate, B. licheniformis cells secreted PstS, the 
phosphate binding protein of an ABC transporter involved in the high-affinity phosphate 
uptake. In B. subtilis, PstS, probably attached to the membrane via a lipid anchor, is also an 
abundant protein in the secretome (Antelmann et al., 2000). 
Growth of B. subtilis under phosphate-starvation conditions results in the specific induction of 
genes belonging to the Pho regulon (Eymann et al., 1996; Prágai and Harwood, 2002). This 
regulon comprises several genes, which allow the cells to adapt to the limiting concentration 
of phosphate. The expression of these genes is under control of at least three two-component 
signal transduction systems (Hulett, 1996; Birkey et al., 1998). The main regulatory system is 
PhoPR consisting of the sensor kinase PhoR and the transcriptional activator PhoP 
(Antelmann et al., 2000; Liu and Hulett, 1998). Although there is not yet any experimental 
evidence, it can be suggested that the regulation in B. licheniformis is similar, because the 
genes for the two component system PhoPR are present in the genome. 
 
Glucose starvation 
We also investigated the extracellular protein pattern of B. licheniformis cells grown in a 
glucose limited medium (Figure 2c, Supplemental table Vb). The main protein secreted 
during glucose starvation was flagellin (Hag), which represents 10.3% (relative volume) of 
the total protein on the gel. To our surprise, we identified only two proteins involved in the 
degradation of carbohydrates in the extracellular proteome of glucose-starving cells (YvfO, an 
arabinogalactan endo-1,4-β-galactosidase, and YvpA, a pectate lyase), although many genes 
coding for such proteins have been identified in the genome. There was, however, a strong 
secretion of some proteases (Vpr, Mpr and Bpr) and of the oligopeptide ABC transporter 




secreted only at a low level. Beside this, some proteins of still unknown function (e.g., YusA, 
BLi02210, BLi01431) were strongly secreted. 
 
 
Figure 3. Colour-coded extracellular proteome map of B. licheniformis. Cells were grown in MM under 
phosphate, glucose and nitrogen starvation conditions. Proteome images of the three starvation conditions were 
fused with an exponential growth phase proteome image to create a proteome map, which contains all protein 
spots from the four individual images. Colour coding was done in such a way that all proteins belonging to a spot 
subset, i.e., all proteins induced in response to one starvation condition or a certain combination of starvation 
conditions received a defined, subset specific colour (colour scheme see upper left corner, P: phosphate 
starvation, G: glucose starvation, N: nitrogen starvation). Only proteins induced more than 2.5 fold compared to 
the exponential growth phase were included in the colour coding. Quantification, gel fusion and colour coding was 
done with the Delta 2D software. 
 
Perhaps B. licheniformis expresses some of the exoenzyme genes and secretes the 
corresponding hydrolyzing enzymes only when the carbon sources are present in the medium. 
Similar results were presented by Hirose et al. (Hirose et al., 2000) and Chu et al. (Chu et al., 
2000) who found new proteins exported into the medium when they cultured Bacillus cells on 
different carbon sources, like cellobiose and xylan. Antelmann et al. (Antelmann et al., 2004) 
reported the secretion of SacB and Phy, enzymes not seen in earlier experiments, when B. 
subtilis was grown in a medium containing maltodextrin. Our results with cells grown in 
complex medium also point to such a mechanism, because these cells secrete a considerable 
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number of carbohydrate degrading exoenzymes (Supplemental table Vb, Figure 1), although 
not at a high level. 
Such a substrate induction mechanism is a known regulatory phenomenon. It has been 
described for instance for the usage of lichenan and levan by B. subtilis (Tobisch et al., 1997; 
Steinmetz et al., 1989). The genes for the usage of these carbohydrates are induced by the 
corresponding degradation products. Some other catabolic genes, like amyE and xynA, 
however, are not regulated by substrate induction but only by carbon catabolite repression 
(Stülke and Hillen, 2000). Carbon catabolite repression is the global regulatory mechanism to 
coordinate the carbon metabolism in Bacillus. In the presence of the preferred sugar, glucose, 
the regulator CcpA represses the catabolic genes whose expression is required for utilising 
alternative carbon sources. Most of the genes encoding extracellular carbohydrate degrading 
enzymes are under CcpA control in B. subtilis (Henkin et al., 1991; Martin-Verstraete et al., 
1999; Yoshida et al., 2001). 
 
Nitrogen starvation 
The flagellin protein Hag was also the main protein secreted from nitrogen-starving cells 
(24.7% relative volume, Figure 2d). In addition, nitrogen starvation led to the secretion of 
some proteases and peptidases (Supplemental table Vb). The main protease, Vpr, accumulated 
during nitrogen starvation to the highest relative volume in all three conditions (14.5% 
compared to 7.1% in glucose starvation and 4.5% in phosphate starvation). This was also the 
case for some other proteases/ peptidases (e.g., Ggt, BLi01747, data not shown), although 
these proteins are not secreted at high levels. The aminopeptidase YwaD was secreted 
exclusively during nitrogen starvation conditions. In addition, the substrate binding proteins 
of several peptide transporters were found in the extracellular protein fraction of nitrogen-
starving cells (DppE, OpuAC, BLi02811). 
The nitrogen metabolism of B. subtilis is controlled by different regulatory proteins in 
response to nutrient availability (Fisher, 1999). The regulatory proteins TnrA and GlnR 
control many genes that are expressed at high levels in nitrogen starving cells. TnrA induces 
the expression of genes involved in the usage of alternative nitrogen sources in nitrogen-
starving cells. GlnR, on the other hand, represses such genes in cells growing with excess 
nitrogen. Although there are no data about the regulation of the nitrogen metabolism in B. 
licheniformis available, the regulation might be similar as in B. subtilis, because the genes 
tnrA and glnR are both present in the B. licheniformis genome. 
 
Comparison of the extracellular proteome under the different starvation conditions 
In Figure 3, an image fused from the images of the extracellular proteomes of the exponential 
growth phase and from all three starvation conditions is presented. To gain an overview over 
the differences in the proteins patterns, all proteins induced in response to the different 
starvation conditions more than 2.5 fold compared to the exponential growth phase were 
colour coded. Colour coding was done in such a way that all proteins belonging to a spot 
subset, i.e., all proteins induced by one starvation condition or a certain combination of 
starvation conditions, received a defined, subset specific colour. Seven protein subsets could 
be defined: (1) proteins induced only by phosphate starvation (red colour), (2) proteins 
induced only by glucose starvation (yellow), (3) proteins induced only by nitrogen starvation 
(blue), (4) proteins induced by phosphate as well as by glucose starvation (orange), (5) 




by glucose as well as by nitrogen starvation (magenta), (7) proteins induced by all three 
conditions (cyan). This colour coding revealed the differences in the pattern of the 
extracellular proteins in response to phosphate, glucose and nitrogen starvation. 
Concluding remarks 
Prediction of N-terminal signal peptide sequences revealed 296 proteins in B. licheniformis, 
most of which are presumably Sec-dependently exported to the extracellular medium. This 
number is (almost) identical to the estimated number of 297 signal peptide-containing 
proteins of B. subtilis 168 (Tjalsma et al., 2004), which would be consistent with the fact that 
B. subtilis 168 and B. licheniformis DSM13 have about 4100 and 4200 protein-encoding 
genes, respectively. However, there appear to be some interesting differences with respect to 
the numbers of predicted secretory proteins and lipoproteins. While 179 predicted signal 
peptides of B. subtilis have a recognition site for a type I signal peptidase, and 114 for a type 
II signal peptidase, 220 predicted signal peptides of B. licheniformis have a recognition site 
for a type I signal peptidase and 72 for a type II signal peptidase. Thus, the B. licheniformis 
genome seems to encode a relatively higher number of secretory proteins, and a relatively 
lower number of lipoproteins, than the B. subtilis genome. The most effective technique to 
verify the localisation of proteins in certain cellular compartments is proteomics. Using this 
technique 89 proteins were identified in the extracellular proteome of B. licheniformis that 
either contain an N-terminal signal peptide or are known to be exported in a Sec-independent 
manner. These proteins are involved in different physiological processes like cell wall 
turnover, mobility, transport of low molecular weight substrates and utilisation of alternative 
nutrient sources. The highest level of protein secretion was reached in the stationary growth 
phase in complex medium, when cells secreted a high number of degradative enzymes to 
make alternative nutrient sources accessible. Growth in defined medium under different 
nutrient starvation conditions led to the secretion of specific proteins, presumably involved in 
counteracting the starvation. 
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